New switchgrass (Panicum virgatum L.) bioenergy cultivars are being bred through genetic engineering; however, baseline information is urgently needed to establish guidelines for small scale field trials prior to commercialization. In this study, we documented the pattern of pollen mediated gene flow and the extent of seed longevity in field experiments. To mimic crop-to wild, pollen-mediated gene flow, we planted wild recipient switchgrass ramets at various distances away from cultivar donor ramets at two sites in Ohio. Percent hybridization at each distance was estimated from seed set on recipient ramets, which were self-incompatible clones. The pattern of gene flow was best described by negative exponential models, and the minimum isolation distance for a 0.01% gene flow threshold was predicted to be 69 m and 109 m away from the pollen source at the two sites. To investigate seed longevity, we buried seeds of six cultivars and ten wild biotypes in Ohio and Iowa in 2011. A subset of the seeds were exhumed, germinated, and tested for dormancy over three years. Cultivars lost seed viability and dormancy significantly sooner than wild biotypes at both locations in the first year, and most biotypes lost dormancy by the second year. Cultivar seeds buried in the cooler, drier Iowa site had an overall greater longevity than those buried in Ohio. Our findings suggest that substantial amounts of pollen-mediated gene flow could occur in the immediate vicinity of switchgrass pollen sources, and current switchgrass cultivars are unlikely to persist in the seed bank for more than three years. New switchgrass (Panicum virgatum L.) bioenergy cultivars are being bred through genetic 25 engineering; however, baseline information is urgently needed to establish guidelines for small-26 scale field trials prior to commercialization. In this study, we documented the pattern of pollen-27 mediated gene flow and the extent of seed longevity in field experiments. To mimic crop-to-28 wild, pollen-mediated gene flow, we planted wild recipient switchgrass ramets at various 29 distances away from cultivar donor ramets at two sites in Ohio. Percent hybridization at each 30 distance was estimated from seed set on recipient ramets, which were self-incompatible clones. 31
6 two locations. In addition, this study compared seed viability and dormancy in cultivated and 116 wild switchgrass in two common garden experiments over the span of three years. To our 117 knowledge, this study is the first to document pollen-mediated gene flow in switchgrass under 118 field conditions and to compare seed longevity in switchgrass cultivars and wild biotypes over a 119 period of several years. This study aimed to provide guidance for future regulation of transgenic 120 switchgrass developed for bioenergy, especially for field trials prior to deregulation and 121 commercialization. It also aimed to shed light on the long-term conservation of remnant 122 switchgrass populations, which often occur near agricultural land. 123 124
Materials and methods 125 2.1 Pollen-mediated gene flow 126
To track pollen movement from cultivated to wild populations, we recorded the frequencies of 127 crop-wild hybridization in experimental arrays at two sites in Ohio. We used clonally 128 propagated ramets from one pair of three-year-old, non-transgenic switchgrass clones at each 129 site, with cultivar ramets as the pollen donors and wild ramets as the pollen recipients. Because 130 switchgrass is self-incompatible and the ramets were genetically identical [34] , they could only 131 hybridize with genetically distinct individuals present in the field. Therefore, any seeds present 132 on the recipient plants should be crop-wild hybrids, provided that no other pollen sources occur 133 nearby. Note that switchgrass is generally believed to be an obligate outcrossing species; 134 however, it is possible that an isolated individual could self in rare circumstances. Hence, we 135 included molecular analysis to check for paternity status of the putative hybrid seeds using 136 microsatellite DNA markers. 137 7 
Selection of pollen donors and recipients 139
First, we selected crop donors and wild recipients with the same ploidy level, because 140 hybridization between different ploidy levels rarely occurs in switchgrass [34] [35] [36] . We selected 141 two wild clones that were originally collected from a restored prairie in Marion, Ohio, and 142 maintained as accessions in a common garden study [35] . We determined their ploidy levels 143 using a BD™ LSR II flow cytometer at the University Cell Analysis and Sorting Core at the 144 Ohio State University (OSU), Columbus, OH [37] . Following the protocol in Galbraith et al. 145 [32], the genome size of each sample was estimated based on a minimum of 3000 nuclei count 146 using BD™ FACSDiva, and its ploidy was inferred by comparing the mean peak value of the 147 sample with that of internal standards (a 4x or a 8x switchgrass cultivar sample with known 148 genome size). The two wild recipient clones were tetraploid (4x); hence, we used clones of a 149 tetraploid (4x) cultivar, known as "Summer", for additional screening in the next step. Summer 150 is a common cultivar that is used for range and pasture. It originated from Nebraska and was 151 bred for early season vigor, leafiness, and rust resistance [39] . 152 153 Second, to determine whether seeds on recipient plants were the expected crop-wild hybrids, we 154 screened for distinctive microsatellite DNA markers in the two wild clones and candidate 155
Summer clones following the protocol in Mutegi et al. [25] . We identified alleles unique to the 156 two wild and two Summer clones using marker 5008_B05 in Tobias et al. [40] . The first 157 parental pair (later planted at Waterman Farm) had two copies of an allele with 193bp (from the 158 cultivar parent) and alleles with 199bp and 202bp (from the wild parent). The second parental 159 pair (later planted at The Wilds) had alleles with 185bp and 193bp (from the cultivar parent) and 160 alleles with 190bp and 199bp (from the wild parents). Each of the four clones were divided into8 100-200 ramets on May 20, 2011, and allowed to grow in a greenhouse until ready for 162 transplanting to the field sites. 163
164

Hybridization rate and confirmation of paternity 165
We recorded the flowering of cultivar and wild ramets at each site, and tagged panicles that were 166 at the onset of flowering with color labels each week. To estimate hybridization rate, we 167 referenced the color labels and harvested florets from recipient panicles that bloomed during the 168 peak flowering overlap of donors and recipients (i.e., five weeks). Hybridization rate was 169 defined as the ratio of the number of fully developed seeds divided by the number of florets that 170 were counted. To calculate hybridization rate, florets from a random subset of panicles at each 171 recipient distance were counted, stripped, and X-rayed at the Ornamental Plant Germplasm 172
Center, Columbus, OH (Fig. 2) . A matured seed appeared white under X-ray, whereas 173 unpollinated (thus hollow) floret appeared gray. Panicles were harvested from Waterman Farm 174 on October 28, 2011, and from The Wilds on October 23, 2011. At Waterman Farm, due to 175 small plant size (Appendix A), panicles were pooled from each recipient distance, for a total of 176 nine data points, and ~300 florets from each distance were screened. At The Wilds, we 177 calculated hybridization rate at each recipient position by averaging measurements from each 178 recipient triplet at a given recipient distance. We screened all of the florets (approximately 179 4500~8000 florets per distance) due to the smaller numbers of panicles produced (Table 1) . To 180 detect pollen contamination from unknown pollen sources or as a result of selfing, we obtained 181 seeds from harvested florets and screened a subset of the seeds for each recipient distance using 182 the microsatellite marker described earlier (sample sizes for the DNA analysis are shown in 183 Table 1 ).
Sites and experimental design 186
One of the experimental plots was established at the Waterman Agriculture and Natural 187
Resources Laboratory Complex, Columbus, OH (30.0169˚, -83.0409˚). Waterman Farm is an 188 experimental farm with fertile soil and a flat landscape. One of the nearest known switchgrass 189 sources that could have flowered during the same period was a small common garden plot, 190 consisting of 100 tetraploid (4x) switchgrass individuals 0.7 km to the southeast of our plot. 191
Another possible pollen source was a small planting of three ornamental switchgrass clones 0.6 192 km to the southwest of the plot (ploidy unknown). 193
194
The layout of the plot at Waterman Farm was a rectangular design ( burial location on seed longevity, we buried all cultivar biotypes at both locations. To 250 investigate the differences of seed longevity among wild biotypes, we buried wild seeds in the 251 general regions where they were collected to allow for exposure to local soil -OH and IL wild 252 seeds (six biotypes) were buried in Columbus, OH, whereas IA wild seeds (four biotypes) were12 buried in Ames, IA (Table 2) 
Germination and dormancy tests 275
After each burial period, recovered seeds were subject to germination and tetrazolium (2,3,5-276 triphenyl tetrazolium chloride, (TTC)) tests for viability and dormancy. Recovered seed strips 277 were rinsed with water, soaked in 5% bleach solution for 5 min, and triple rinsed with water 278 before seeds were removed from packets for examination. Seeds that were hollow, which 279 appeared to have germinated, or appeared mushy were considered nonviable. The remaining 280 seeds were germinated on moistened blotting paper in germination boxes for fourteen days. The 281 germination test took place in a greenhouse with an average temperature of 25°C with day/night 282 fluctuation in the Biological Science Greenhouse of OSU. We counted and removed germinated 283 seeds during the duration of germination test. 284
285
Seeds that failed to germinate during the period of germination test were further tested with TTC 286 for dormancy. We removed part of the endosperm of each seed with a scalpel and stained the 287 embryo ends in 1% TTC solution at room temperature (25°C) for eight hours in the dark. Seeds 288 with a fully stained embryo were considered dormant, whereas seeds with an unstained embryo 289 were considered nonviable. If embryo and endosperm of a seed were both stained, which is most 290 likely due to fungal infection, we considered the seed nonviable. In the case of a partially 291 stained embryo, we consulted a standard seed examination handbook published by the 292 Association of Official Seed Analyst to determine its viability [45] . 293 294
Statistical Analysis 295
We calculated percent dormancy based on the "number of dormant seeds" divided by the 296 Based on alleles amplified by the microsatellite DNA marker, seeds collected from the recipient 319 ramets were all true hybrids of the cultivar donors and wild recipients (Table 1) . Therefore, we 320 assumed that all seeds on recipient plants resulted from the pollen flow from the cultivar donors. 321
Based on X-ray images, hybrid seeds were found at all distances, except for 100 m at Waterman 322 Farm (no seeds were found at this distance), and the hybridization rate declined exponentially as 323 a function of distance at both sites (Fig. 3) . The maximum average hybridization rate (72%) at 324
Waterman Farm was at 1 m, and the hybridization rate at 130 m, the maximum distance 325 examined, was 4%. At The Wilds, the average maximum hybridization rate (56%) was at 1 m, 326 and the minimum average rate (1%) was found at 100 m, the maximum recipient distance (Table  327 1). 328 329
Best-fit models and minimum isolation distance 330
We used the average hybridization rate at each recipient distance as inputs to fit models for 331
Waterman Farm. At The Wilds, the average hybridization rate at 1 m, 30 m, 60 m, and 100 m 332
were included for the analysis (Table 1) . AIC and regression analysis suggested that negative 333 exponential models were the best fit for the pollen-mediated gene flow curves at both sites 334 (Table 3 ; Fig. 3 ). Data collected from Waterman Farm yielded an AIC of -36.3, -11.7, and 31.7 335 for exponential, power, and logarithmic models, and the R 2 were 0.99, 0.81, and 0.42, 336 respectively. At The Wilds, the AIC were -103.7, -7.3, 95.9, and the R 2 were 0.94, 0.16, and 337 0.68 for exponential, power, and logarithmic models, respectively. Based on the exponential 338 models, the predicted minimum isolation distance for a 0.01% threshold gene flow was 69 m at 339
Waterman Farm and 109 m at The Wilds (Table 3) . 340 (Table 4) . On average, 24.7±0.9 cultivar seeds were viable in OH whereas only 13.5±1 365 cultivar seeds were viable in IA (Table 4b) plants. In addition, because hybridization rate was calculated based on recipient panicles that 404 flowered during the peak overlap period of the donor and recipient ramets, the actual 405 hybridization rate is expected to be lower throughout the season if all panicles were sampled. 406
Second, we used clonal, self-incompatible recipient plants, which did not allow for effective 407 cross-pollination among recipients. If recipients had been able to cross-pollinate, fertilization 408 from more distant pollen donors is expected to occur at a lower frequency [49] . Therefore, our 409 estimation of pollen-mediated gene flow from the cultivar donors to wild recipients was probably 410 appropriate for very isolated wild plants, but higher than expected in wild populations with a 411 large number of neighboring individuals. Thus, the isolation distance that we reported for 412 specific thresholds are likely to be conservative. In addition to climatic conditions, the fate of switchgrass seeds depends on the location and 486 environment in which they land. In this study, we buried seeds at the depth of 20 cm to mimic 487 the common depth of tilling, which only reflected one of the "dispersal" scenarios. It was 488 unlikely that these seeds would emerge naturally given the burial depth. However, certain 489 biotypes, especially wild biotypes, may persist in the soil for at least two years, as suggested in 490 our study. If they are brought close to the soil surface, it is possible that they could still 491 germinate, assuming they have remained dormant prior to the disturbance. 492 493
Conclusions 494
Based on our study, a small planting of ~100 switchgrass plants would require approximately 495 109 m isolation distance to meet the 0.01% gene flow threshold, but this distance is likely to at 496 least double as plants mature. Current switchgrass cultivars are not likely to persist in the soil 497 seed bank for more than three years, and only a small number of wild seeds could remain viable 498 in a cooler and drier environment beyond this time frame. Therefore, screening of volunteer 499 seeds in field trials involving transgenes should be carried out for at least three years after the 500 removal of transgenic plant materials. In the case of commercial-scale planting with a much 501 larger pollen and seed reservoir, additional preventive strategies, i.e., inducing male sterility, 502 selecting for late flowering genotype, and prohibiting flowering, would be required to effectively 503 prevent or mitigate gene flow from transgenic switchgrass to non-transgenic and wild relatives. 504
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Kenneth Vogel for providing advanced cultivar switchgrass seeds, Simon Queenborough for 508 providing advice on statistical analysis, and Ying Zu and Dominic Dodrill for assisting graphic 509 presentation. We also thank the editor and anonymous reviewers for providing valuable 510 comments on the manuscript. This study was funded by the U.S. Figure 1 . Layouts of the experimental plots at (a) Waterman Farm and (b) The Wilds. At Waterman Farm, donors (cultivar ramets) were planted in four rows (green dots), and the recipients (wild ramets) were planted to the east side of the donors (gray dots). At The Wilds, donors were planted in the center (green octagon), and recipients were planted in triplets. Trees were present on the east side; therefore, planting of recipients was restricted. Wilds. The black squares indicated the average fraction hybridization whereas the gray square represented data points at a given recipient distance. The exponential models were the best fit at both locations. At Waterman Farm, data were based on seeds pooled from each recipient distance (n=9); therefore, no SE was provided. At The Wilds, data were based on recipient triplets at a given recipient distance (see Materials & methods section).
